Cryptocercus are subsocial, xylophagous cockroaches that live in temperate forests. Like other cockroaches, Cryptocercus harbour endosymbiotic bacteria in their fat bodies. Two species of Cryptocercus occur in the palaearctic, one each in eastern Russia and south-central China. In the USA, there are ¢ve species: one in the north-west and four in the south-east. Little is known about the relationship between the Eurasian and North American Cryptocercus or the causes of the disjunct distribution. Here, a molecular phylogeny for six out of the seven Cryptocercus species and their endosymbionts is inferred in an attempt to understand the evolution and biogeography of the genus. Our analysis showed that the North American Cryptocercus are monophyletic, suggesting that a single colonization event was followed by vicariance. There was complete concordance between the host and endosymbiont phylogenetic trees. Divergence estimates based on endosymbiont DNA sequences suggested that the palaearctic and nearctic Cryptocercus diverged 70^115 million years (Myr) ago and the eastern-and western-USA species diverged 53^88 Myr ago. These divergence estimates were correlated with biogeographical events, and a hypothesis is presented to explain the current distribution of Cryptocercus. Our ¢ndings suggest that Cryptocercus has had a long evolutionary history, dating back to the Jurassic.
INTRODUCTION
Members of the cockroach genus Cryptocercus are subsocial, xylophagous insects that live in temperate forests (Cleveland et al. 1934) . Two species of Cryptocercus occur in the palaearctic, one each in eastern Russia (Cryptocercus relictus) and south-central China (Cryptocercus primarius). Recent work has established the existence of ¢ve species in the nearctic (Kambhampati et al. 1996; Nalepa et al. 1997; Burnside et al. 1999) . One species, Cryptocercus clevelandi, is found in the northwestern USA while the other four, Cryptocercus darwini, Cryptocercus garciai, Cryptocercus punctulatus and Cryptocercus wrighti, are found in the southeastern USA.
A prominent feature of the geographical distribution of Cryptocercus is the spectacular disjunction: in the USA, the eastern and western species are separated by over 4500 km, the species in the palaearctic are separated by ca. 3500 km, and the palaearctic and nearctic species are separated by over 7000 km. The underlying cause(s) and the temporal dynamics of this disjunct distribution have been the subject of spirited discussion (Grandcolas 1999a,b; Nalepa & Bandi 1999) . However, the statements of Grandcolas (1999a) and Nalepa & Bandi (1999) concerning the evolutionary dynamics and present distribution of Cryptocercus were merely speculative because reliable estimates of divergence times among Cryptocercus species were lacking.
Bacterial endosymbionts, found in many insect orders (Sauer et al. 2000; Schroder et al. 1996; Dasch et al. 1984; O'Neill et al. 1992 O'Neill et al. , 1997 , provide a potential avenue for estimating divergence times among taxa. Cockroaches, including Cryptocercus, harbour endosymbiotic bacteria within specialized cells (mycetocytes or bacteriocytes) of their fat bodies. These symbionts, Blattabacterium cuenoti, infect the developing oocyte before vitellogenesis and are maternally inherited (Sacchi et al. 1985) . The maternal inheritance and a close physiological relationship with the host make them a useful tool for studies of coevolution. More importantly, the existence of a universal substitution rate (molecular clock) for the bacterial 16S rRNA gene has been demonstrated in several independent studies (e.g. Ochman & Wilson 1987; Moran et al. 1993; Bandi et al. 1995) . The existence of the molecular clock enables estimation of divergence times among the bacterial lineages harboured by the various Cryptocercus species. Bandi et al. (1995) estimated that the 16S rRNA gene of cockroach endosymbionts evolves at a rate of about 0.6^1% sequence divergence per 50 million years (Myr), a rate similar to that reported for bacteria in general (Ochman & Wilson 1987) .
The objective of this study was to investigate the evolution and biogeography of Cryptocercus. Speci¢cally, we infer a phylogenetic relationship among the endosymbionts of Cryptocercus from the DNA sequence of the 16S rRNA and 23S rRNA genes. We compare the bacterial phylogeny with that of the host, inferred from the DNA sequence of mitochondrial and nuclear rRNA genes, to detect parallel cladogenesis. Previously published molecular-clock values are used to estimate divergence times among Cryptocercus species to gain insights into the biogeography of the genus and the probable events that led to the present distribution.
MATERIAL AND METHODS

(a) Insects
Cryptocercus darwini, C. garciai, C. p unctulatus and C. wrighti were collected in the Appalachian mountains in the eastern USA (for details, see Kambhampati et al. 1996; Burnside et al. 1999) . Cryptocercus clevelandi were collected during August 1999 in Oregon. Cryptocercus relictus were collected in 1998 near Anisimovka in eastern Siberia.
(b) DNA extraction, polymerase chain reaction and sequencing
The endosymbiont 16S rRNA and 23S rRNA gene fragments were ampli¢ed from fat-body preparations and the internal transcribed spacer 2 (ITS2) fragment of Cryptocercus was amp li¢ed from leg muscles as described in Burnside et al. (1999) . Polymerase chain reaction (PCR) was set up as described in Kambhampati et al. (1992) . The temp erature pro¢le for amp lifying the endosymbiont 16S rRNA fragment was 95 8C for 3 min, followed by 40 cycles of 94 8C for 30 s, 55 8C for 30 s and 72 8C for 30 s. A ¢nal extension step of 72 8C for 7 min was included. For the ampli¢cation of the endosymbiont 23S rRNA fragment, an annealing temp erature of 45 8C was used for ten cycles followed by 50 8C for 30 cycles; all other parameters were as above.
Primers for the amp li¢cation of the host mitochondrial 16S rRNA and 12S rRNA genes were given in Kambhamp ati et al. (1996) . Primers for the amp li¢cation of the endosymbiont genes (table 1) were designed, based on sequences from GenBank. These primers ampli¢ed nearly the entire 16S rRNA gene (ca. 1260 bp) and two internal fragments of the 23S rRNA gene totalling ca. 1230 bp.
Portions of the host 28S rRNA and 5.8S rRNA genes and the entire ITS2 from the nuclear ribosomal DNA of Cryptocercus were amp li¢ed using published primers (Campbell et al. 1993) . The sizes of the fragments ranged from 316 to 359 bp. The ampli¢cation conditions were as described for the 23S rRNA gene. All PCR products were gel puri¢ed and sequenced as described in Burnside et al. (1999) . The mitochondrial 16S rRNA and the 12S rRNA gene sequences used here, with the exception of those from C. relictus, were previously published in Burnside et al. (1999) .
For the endosymbiont genes and ITS2, sequences were obtained from multiple individuals collected at the same location to determine the extent of intraspeci¢c variation. Thus, we obtained the DNA sequences from up to ¢ve individuals from each of ¢ve di¡erent locations; the sample sizes for all other locations ranged from one to three individuals. In addition, to detect any variation in the ITS2 region or among bacteria within a single host, the amp li¢ed fragment was cloned into a T-vector (Invitrogen Corporation, Carlsbad, CA, USA) and ¢ve randomly chosen clones were sequenced as described in Kambhampati et al. (2000) . Intra-individualvariationwas assessed for one specimen from each of the four eastern-USA sp ecies.
(c) Phylogenetic analysis
The alignment of the 16S rRNA and 12S rRNA genes was that used in Burnside et al. (1999) with the addition of sequences from C. relictus. The endosymbiont and nuclear sequences were aligned for each sp ecimen using Sequence Navigator (Applied Biosystems, Foster City, CA, USA) or CLUSTAlV (Higgins & Sharp 1989) . Adjustments to the alignment were made manually as needed. The data were analysed using PAUP 4.0b3a (Swo¡ord 1998) ; both p arsimony and maximum-likelihood methods were used. The heuristic algorithm was used for both models. Gaps were treated as the ¢fth base. For the maximumlikelihood analysis, base frequencies, between-site variability and rate matrix were estimated during analysis. The RogersŜ wo¡ord method was used to obtain the starting branch lengths. Bootstrapp ing (10 000 replicates) and decay index (Bremer 1994) were p erformed to assess branch support. For the phylogenetic analysis of endosymbiont sequences, Flavobacterium sp. (GenBank numbers: 16S rRNA, AJ009687 and 23S rRNA, M62807) was used as the outgroup because B. cuenoti is a member of the £avobacteria^bacteroides group (Bandi et al. 1994) . We used homologous sequences from the locust as the outgroup for phylogenetic analysis of host mitochondrial sequences; ITS2 data for the locust were not available and therefore designated as missing.
The ¢nal data set consisted of 16 ingroup taxa. Six sp ecies of Cryptocercus, ¢ve from the USA and one from Russia, were represented. The eastern-USA species were represented by between two and ¢ve locations each. The mitochondrial 16S rRNA and 12S rRNA data set, the ITS2 data set and the endosymbiont dataset were all matched exactly with regard to the ingroup taxon samp ling. We used COMPONENT Lite (R. Page, University of Glasgow, UK) to compare the trees based on the host and endosymbiont genes. The sequences reported in this p ap er have been deposited in GenBank under accession numbers AF322458^AF322523.
RESULTS
There was no DNA sequence variation among bacteria within a host. Among hosts from the same site the mean bacterial sequence divergence was 0.06% for the 16S rRNA gene and 0.2% for the 23S rRNA gene. Similarly, we detected low (4 1%) intra-individual and intra-location sequence variation in ITS2. Similar patterns were reported for the mitochondrial 16S rRNA and 12S rRNA genes (Burnside et al. 1999) . Intraspeci¢c variation, where present, was low: 4 2% for host genes (Burnside et al. 1999 ) and 4 0.4% for endosymbiont genes. Therefore, we chose one sequence from each location at random for inclusion in the ¢nal data set. The choice of the individual sequence did not a¡ect the topology of the phylogenetic tree.
The aligned data set for the host genes consisted of 1317 characters (895 characters from mitochondrial DNA (mtDNA) and 422 from nuclear rDNA). Out of these, 271 characters were parsimony informative. The endosymbiont data set consisted of 2523 characters, out of which GAGCCGACATCGAGGTGCCAA ö 87 were parsimony informative. Separate analysis of the endosymbiont and host mitochondrial data sets using free-living £avobacteria and locusts, respectively, as outgroups indicated that C. relictus is basal to all Cryptocercus species included in this study (see ½ 4). Therefore, C. relictus was designated as the outgroup in the analyses described below. Details of phylogenetic analysis using the mitochondrial 16S rRNA and 12S rRNA genes have been described elsewhere (Burnside et al. 1999) . With C. relictus as the outgroup, the 16S rRNA and 12S rRNA data resulted in two trees, each of 446 steps, in which Cryptocercus clevelandi was basal, followed by C. wrighti, C. punctulatus, C. garciai and C. darwini. The ITS2 data, when analysed alone, resulted in eight equally parsimonious trees, each of 574 steps; the topology of a strict consensus tree di¡ered from that of the tree based on mtDNA data in that C.punctulatus was more basal than C. wrighti. A combined analysis of mtDNA and ITS2 data resulted in a single tree of 1042 steps in which C. clevelandi was basal, followed by C. punctulatus, C. wrighti, C. garciai, and C. darwini (¢gure 1). All the branches were supported in over 50% of the bootstrap replications and were stable in trees several steps longer than the shortest trees.
The results from the analyses of the bacterial 16S rRNA and the 23S rRNA gene fragments individually are not shown here; the topology of the tree based on the 16S rRNA fragment alone was similar to that of the one based on the combined data set (see below). The topology of the tree based on the 23S rRNA gene fragments alone with the gaps excluded (not shown) was similar to those based on the 16S rRNA gene and the combined data set. An analysis of the combined endosymbiont data set resulted in three equally parsimonious trees, each of 313 steps, a strict consensus of which is shown in ¢gure 1. Most branches were supported in over 50% of the bootstrap replications and in trees several steps longer than the most parsimonious ones. The topology of the tree . Phylogenetic trees for Cryptocercus (host) and Blattabacterium cuenoti (endosymbiont) based on unweighted parsimony analysis. Gap s were included and treated as the ¢fth base. The host tree (1042 steps, consistency index 0.74, retention index 0.65, rescaled consistency index 0.48) is based on the DNA sequence of two mitochondrial rRNA genes and the nuclear internal transcribed spacer 2 region. The endosymbiont tree (313 steps, consistency index 0.77, retention index 0.65, rescaled consistency index 0.50) is based on the 16S rRNA and 23S rRNA genes; a strict consensus of three equally p arsimonious trees is shown. The numbers above the branches are bootstrap values (p ercentages) and those below the branches are decay indexes (steps). The numbers enclosed in circles are the inferred male dip loid chromosome numbers (see Kambhampati et al. 1996) . Multip le locations are rep resented for the four eastern-USA species identi¢ed by the numbers 1 through 4 as follows: 1, C. garciai; 2, C. darwini; 3, C. wrighti; and 4, C.p unctulatus. The ¢lled circles on two nodes of the endosymbiont tree denote the only con£icts between the host tree and the endosymbiont tree; statistical tests (see ½ 3) indicated that the similarity between the two trees is signi¢cantly ( p 5 0.001) greater than that expected by chance alone.
based on maximum likelihood was identical to that of the tree based on parsimony. Excluding gaps from the analysis did not a¡ect the topologies of the trees obtained.
The topologies of trees based on the host and endosymbiont genes, in the context of the relationships between species, were identical. There were two minor di¡erences between the host tree and the endosymbiont . Maximum-parsimony tree for Cryptocercus species. All characters were given equal weight and gaps were treated as the ¢fth base. The tree shows the results of two separate analyses: ¢rst, the DNA sequences of the mitochondrial DNA and rRNA genes and nuclear internal transcribed spacer 2 (ITS2) region of Cryptocercus (tree length 1296 steps, consistency index 0.76, retention index 0.63, rescaled consistency index 0.48) and, second, the DNA sequences of the above host genes and the DNA sequences of the endosymbiont's rRNA genes (tree length 1931 step s, consistency index 0.79, retention index 0.63, rescaled consistency index 0.48). The trees from the two data sets were identical in topology except in one respect: in the tree derived from the host genes, C. darwini from Buck Creek Trail and De Soto State Park were sisters, whereas in the tree derived from host and endosymbiont sequences, C. darwini from De Soto State Park and Cheaha State Park were sisters; thus the relationship between these three samp les is shown as a p olytomy. In both trees, however, the relationship between these three samp les was fully resolved and supp orted in over 50% of the bootstrap replications. Numbers above the branches are bootstrap values (percentages) from the ¢rst and second analyses, respectively; numbers below the branches are decay indexes (steps) from the ¢rst and second analyses, respectively. Homologous DNA sequence of Locusta migratoria (Flook et al. 1997 ) was used as the outgroup in the ¢rst analysis; ITS2 data for the outgroup were designated missing. In the second analysis, the locust sequence and homologous sequences from Flavobacterium sp. were used as outgroup s. Multiple locations are represented for the four eastern-USA sp ecies, which are identi¢ed by the numbers 1 through 4 as follows: 1, C. garciai; 2, C. darwini; 3, C. wrighti; and 4, C. p unctulatus.
tree; both di¡erences were for infraspeci¢c nodes (see ¢gure 1). A test for congruency indicated that the host and endosymbiont data sets had signi¢cant similarities between them. The value for the path-di¡erence matrix between the two topologies was 6.1, a value signi¢cantly ( p 5 0.001) lower than expected if the similarity between the topologies was due to chance alone.
DISCUSSION
Little is known about the evolution of Cryptocercus on a global scale. Although Cryptocercus occurs in Eurasia and the USA, the vast majority of what is known is based on the North American species and the majority of that knowledge is based on those that occur in the eastern USA. The present study included DNA sequences from six out of the seven known species as well as DNA sequences from the endosymbionts of those six species. Our analyses indicated that there is parallel cladogenesis between the hosts (Cryptocercus species) and the endosymbionts (B. cuenoti). In other words, there has not been a detectable horizontal transfer of endosymbionts between the hosts. The strong concordance between host and endosymbiont phylogeny enables us to make inferences about the biogeography of the host because the clock-like evolution of the bacterial 16S rRNA gene allows for the estimation of divergence times (Ochman & Wilson 1987; Moran et al. 1993; Bandi et al. 1995) .
Sequence divergence estimates based on the endosymbiont 16S rRNA gene indicated that the endosymbionts of C. relictus and the nearctic Cryptocercus diverged 701 15 Myr ago (2.8% mean sequence divergence) and those of C. clevelandi and the eastern-USA species diverged 538 8 Myr ago (2.1% mean sequence divergence). Nalepa et al. (1997) proposed a divergence time of 25^70 Myr for the endosymbionts of C. clevelandi and C.punctulatus, which di¡ers from our estimate. However, our divergence estimates are based on a larger number of samples and are therefore likely to be closer to the true value. Endosymbionts of C. punctulatus and C. wrighti diverged during the Oligocene, 23^38 Myr ago, and the divergence between the endosymbionts of C. darwini and C. garciai occurred during the Miocene, 13^20 Myr ago. The above ¢gures represent divergence times for the various endosymbiont lineages and are therefore the minimum divergence times for the corresponding hosts. In other words, it is reasonable to assume that divergence of the host lineages began several million years before that of the bacterial lineages.
An unresolved issue with regard to Cryptocercus is the factors responsible for the aforementioned global disjunct distribution. This is largely due to the fact that there has been no attempt to infer the evolutionary relationship between C. relictus and its Nearctic congeners or estimate divergence times between these species. The analyses presented here shed considerable light on this issue. Our results from both the host and the endosymbiont genes (¢gure 2) indicate that the nearctic Cryptocercus species are monophyletic. In addition, a comparison of the phylogenetic trees derived from the host's mitochondrial and nuclear genes and the endosymbiont rRNA genes indicates that they are congruent, i.e. B. cuenoti and the host Cryptocercus species have diverged concordantly.
Our results lead us to rule out the possibility that the current distribution of nearctic Cryptocercus is the result of multiple colonizations over land bridges and subsequent vicariance caused by climatic changes associated with Pleistocene glaciations as proposed by Grandcolas (1999a) . Our data suggest that the split between C. clevelandi and the species in the eastern USA occurred 53^88 Myr ago, rather than during the Pleistocene glaciations, which occurred a mere 0.5^2.0 Myr ago. Furthermore, monophyly of the nearctic species indicates that they are descended from the same ancestral lineage, rather than from successive invasions.
Based on the phylogeny of Cryptocercus species, the phylogeny of their endosymbionts and the estimated divergence times, we o¡er the following scenario for the current global distribution of Cryptocercus. During the Jurassic (144^213 Myr ago) the ancestor of extant Cryptocercus inhabited the temperate deciduous forests of the Arcto^Tertiary complex in the extreme northern regions of the Northern Hemisphere. During the Cretaceous (65^144 Myr ago), Asia and North America began to drift apart, but remained intermittently connected by land bridges and eastern and western North America were separated by a shallow inland sea (King 1958) . A general cooling trend began during the Cretaceous, which forced the Arcto^Tertiary community (and the ancestor of Cryptocercus) to move south into Asia and North America (MacGinitie 1958), resulting in two major lineages. In addition, the ancestral populations of Cryptocercus that migrated into North America were split into eastern and western populations because of the prior presence of the inland sea, resulting in two further lineages. By the close of the Palaeocene and the beginning of the Eocene, 58 Myr ago, the inland sea had receded, once again connecting eastern and western North America. However, our divergence estimates indicate that there was no reproductive contact between the eastern and western North American lineages of Cryptocercus after the inland sea had receded. The Miocene (5^24 Myr ago) saw further cooling and a drier climate, which led to the formation of extensive grasslands across North America and reinforced the vicariance of plants and animals. Climatic £uctuations of the Pliocene, beginning about 5 Myr ago, became more pronounced during the Pleistocene, further reducing gene £ow among the eastern populations. Among the eastern species, C. wrighti and C. punctulatus are the older lineages whereas C. darwini and C. garciai are more recent. The speciation events in the eastern USA probably took place during the past 25 Myr. Thus, our results indicate that Cryptocercus is not a recent arrival on the evolutionary scene, as suggested by Grandcolas (1999a) , rather it belongs to a lineage whose history dates back to the Jurassic. It is not clear what caused the disjunction between C. relictus and C.primarius; the inclusion of C. primarius in a phylogenetic analysis along with other Cryptocercus species will be necessary to resolve this issue and fully comprehend the biogeography of the genus. For the scenario proposed above to be plausible, C. relictus and C. primarius should be monophyletic, representing one of the two major lineages that arose during the migration of Cryptocercus to Eurasia and North America.
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